It is known that Voluntary Activation (VA) of muscles may be lower during isokinetic concentric (CON) contractions than during isometric (ISOM) contractions, and that it may be further decreased in various motor impairments. OBJECTIVE: The aim of this study was to validate the Interpolated Twitch Technique (ITT) for quantifying VA of the Quadriceps femoris during CON contractions (knee extension at 60 and 120
Introduction
Voluntary activation (VA) can be defined as the amount of recruitment of muscles during a voluntary contraction effort. The number of spinal motoneurones recruited and their firing frequency increase with increasing VA [1] . The assessment of VA may be rele-vant in patients affected by orthopedic and/or neurological disorders, as long as it may disentangle central from peripheral causes of weakness. VA failure has been reported to be caused by lesions of the central nervous system or inhibitory stimuli arising from peripheral damaged tissues ("arthrogenous muscle weakness") [2, 3] ; it may also represent an unconscious form of prevention of postural imbalance [4] .
The "interpolated twitch technique" (ITT) is the most widely used method to quantify the extent of VA [5] . It consists in stimulating a representative (i.e., greater than 20%) sample of the muscle belly through an electric shock both during a voluntary contraction and at rest. The shock is painless, although it may cause some discomfort, associated with the unexpected strong muscle contraction. If the shock does not generate an extra force during contraction, all muscle fibers belonging to the sample reached by the electric shock can be claimed to be recruited at their tetanic frequency. Otherwise, following the stimulus a twitch can be observed [6] [7] [8] revealing that the voluntary command was only partially effective in recruiting the available pool of spinal motoneurones.
Previous studies focused on the study of VA in various upper [5, 9] and lower [7, 10] limb muscles. Regarding the Quadriceps femoris, isometric (ISOM) contractions were mostly investigated. Contrary to common "isotonic" contractions, where load is constant but joint rotation speed changes, ISOM contractions can be supposed to be quite infrequent in daily life. Also, VA and joint angular velocity are linked by complex relationships. The discharge rate of spindle endings, facilitating motoneurones' recruitment, decreases during shortening contractions, compared to ISOM contractions. Spindle-based facilitation should be lower, the higher the shortening speed, whereas the opposite should be true for force-sensitive joint receptors. The overall balance seems that of a lower motoneuron excitation during the end part of knee extension contractions [11, 12] . As a further complication, speeddependence of moment arises from the individual stiffness of the series elastic components. At a given joint angle, the overall length reached by the muscle-tendon complex relies more on shortening of the elastic components, compared to muscle fibers, the higher the shortening speed [13] . Slack of the elastic element (following reduced mobility or aging itself, and little predictable) may involve greater fiber shortening, thus adding to the loss of spindle-mediated facilitation at higher rotation speed. A decreased VA may thus ensue due to both mechanical and neural causes (e.g. central nervous lesions or pain-dependent inhibition [2, 14] ).
Imposing stable and predetermined joint angular velocity still is the ideal method to study empirically the relationship between force and VA during muscle shortening. Isokinetic machines provide a good solution, in that they impose a fixed rotation speed to the subject's joint, whichever the moment applied [15] . This notwithstanding, investigations on the relationship between VA and joint rotation speed during isokinetic concentric (CON) contractions are very sparse and provide conflicting results. Some authors have concluded that maximal CON voluntary activation did not differ significantly from the maximal ISOM level either at slow (20 • /s) or at faster angular velocities (150 and 300
• /s) [9, 16] . Other found that the mean activation levels during maximal eccentric and maximal CON contractions were significantly lower with respect to maximal ISOM contractions [17] .
To the best of the Author's knowledge, the relationship between twitch amplitude and VA, expected to be linear, has been widely explored during ISOM contractions [18] [19] [20] , but only at slow angular velocities (20 • /s) during CON contractions [17] . The aim of the present study was to validate the ITT on the Quadriceps femoris during CON contractions using pairs ("doublets") of electrical stimuli at intermediate angular velocities (60
• /s and 120
• /s, CON60 and CON120, respectively). As an index of validity of the method, the linearity of the relationship between measures of VA and measures of moments was tested at various levels of voluntary effort in a sample of healthy adults.
Method

Participants
The goal of the study was to test the validity of the method, rather than providing normative values. Therefore, a sequential design was chosen [21, 22] . The objective was to find a satisfactory linear regression model linking VA to voluntary moment, for each angular velocity. A Pearson correlation r > 0.9 (variance explanation R 2 > 0.81), with both slope and intercept significant at p < 0.05, was the predetermined aim with a sample size of at least 10 subjects per contraction condition (ISOM, CON60, and CON120). This implied that more than 10 subjects had to be enrolled, because not all subjects could provide valid data for all levels of effort and contraction conditions (see below, Data processing and analysis).
The inclusion criteria were: i) age between 18 and 45 years; ii) ability to wittingly sign the informed consent form; iii) ability to understand the instructions and to complete the motor task. All subjects had to be recreationally active. Subjects were excluded if they had a history of epilepsy (to avoid the risk for seizures triggered by the stimuli), implanted electrosensitive devices, or had any neurologic condition or orthopedic condition limiting the articular mobility or muscular strength of the lower limbs. No subject under treatment with oral anticoagulant or antiplatelet therapy was selected (in order to avoid the risk for muscle hemorrhage). Their leg dominance was tested by means of the Waterloo footedness questionnairerevised [23] . All subjects gave written, informed consent before participating. The study was approved by the local Ethic committee of the Institution. The study conformed with the Code of Ethics of the World Medical Association (Declaration of Helsinki, British Medical Journal, 1964) for medical research involving human participants.
Procedures
General
The relationship between VA estimated through ITT and moments produced in ISOM and CON contractions at various levels of effort during knee extension were investigated. All tests were performed on the dominant lower limb. Subjects were instructed to exert five different levels of effort between 100% and 20% maximal voluntary contraction (MVC), differing by 20%, in ISOM contractions at 50
• knee flexion, and in CON contractions at 60 and 120
• /s angular velocity.
Familiarization
In order to ease the test, subjects were accustomed to the unfamiliar motor task by performing 3 to 5 submaximal voluntary contractions for each condition and level of effort.
Test sequencing
For each level of effort, subjects performed two ISOM contraction tests, three CON60 contraction tests and three CON120 contraction tests. Timed 3-min rest periods separated each level of effort and 5-min rest periods separated each test. A subjectively maximal (100%) effort was requested first. Submaximal efforts (80% to 20%) were then required in decreasing order. This sequence was found to facilitate the elicitation of progressively decreasing efforts, closed to the requested ratio of the maximal effort, and their stability along the whole range of motion. For each subject, all tests were conducted in the same day. The rest pauses, in agreement with the literature, were deemed sufficient to prevent the onset of relevant fatigue [24] , also considering the fact that most of the requested efforts were submaximal ( Fig. 1 ).
Moment recording
During ISOM contractions, the extension moment was measured at 50
• knee flexion (0 • = full extension). During CON contractions, moment was measured instantaneously along the whole range of knee extension (about 100
• to 0 • ), at two constant angular velocities (60
• /s, 120
• /s). All tests were performed using a Cybex Humac Norm R 2014 isokinetic dynamometer (CSMi-Computer Sports Medicine, Inc; Stoughton, MA, USA). The subjects sat in an upright position with the hip flexed at about 90
• and grasped ad-hoc seat handles. The lateral epicondyle of the femur was aligned with the main horizontal axis of rotation of the dynamometer and the leg was secured to a Johnson anti-shear device [25] . Velcro straps were applied to the pelvis, the torso and the thigh, to secure the subject's body to the machine. For ISOM tests, resting twitches were recorded at 50
• knee extension, 3-5 s before contraction and 3-5 s after contraction. For CON tests, resting twitches were recorded at 50
• knee extension during continuous passive mobilization (CPM), before the active contraction tests: this implied a 3-4 min reset of the isokinetic ergometer software. The peak force of the pre-contraction twitch was adopted in the computation of VA (see Eq. (1) below). Indeed, the post-contraction RT may exhibit some potentiation because of the preceding contraction [26, 27] , so that preferring the pre-contraction twitch may lead in theory to underestimation of VA. However, various factors could counteract the effect of potentiation: a) post-contraction fatigue; b) fading of potentiation in ISOM tests that could be only assessed after a time-consuming reset of the ergometer; c) minor shortening/weakening of the Rectus femoris due to barely controllable anteversion (nutation) of the pelvis. In any case, tests were deemed as acceptable if the peak amplitude between pre-and post-contraction rest twitches differed by less than ± 10%, which was invariably the case (not shown).
Surface electromyography (EMG) recording
In this study, surface EMG was recorded only to ascertain the relaxed state of the Vastus lateralis and of the homolateral Biceps femoris. Two pairs of silver chloride surface electrodes were applied on each muscle as per the SENIAM guidelines [28] . Low impedance (< 10 kΩ) of the skin-electrode interface was obtained by soaking and gently abrading the skin. The center-to-center interelectrode distance was 2 cm. The reference electrode was applied to the contralateral patella. The EMG signals were recorded simultaneously with the moment signal and were used to evaluate the subject's resting state.
Electrical stimulation
VA level was determined by percutaneous electrical stimulation through two reusable wetted rubber electrodes. The anode was positioned medially on the anterior aspect of the upper thigh and the cathode was positioned medially on the anterior aspect of the lower thigh. The two electrodes (16 × 17 cm or 22 × 17 cm, depending on the subject's size) were secured to the thigh with a co-adhesive gauze. In this electrode montage, the stimulus reached the muscle fibers through peripheral nerve endings, and not through direct stimulation of the Femoral nerve trunk. The size of the electrodes warranted the stimulation of a representative portion of the Quadriceps. Through a constant current high-voltage stimulator (Digitimer R DS7A, Hertfordshire, UK), a doublet of single square-wave stimuli was delivered. This consisted in 2 square pulses, each with a 100-µs duration, 300 V maximal voltage, and intensity adjusted from 200 to 500 mA, with a 10 ms interpulse interval. The intensity of the stimulation was determined as follows. The subject was asked to produce a MVC in one ISOM contraction at 50
• knee flexion for about 3 s, and the peak moment was recorded. In successive bouts, the stimulus intensity was increased until at least 25% of MVC was recorded. This intensity was subsequently retained throughout the testing session.
ISOM contractions testing
Subjects were asked to perform ISOM contractions at various levels of subjective effort (see below). A first stimulus was delivered with the muscle fully relaxed (resting twitch, RT). Relaxation of Vastus lateralis and Biceps femoris was confirmed by the absence of surface EMG signals. Then, subjects were requested to produce maximal voluntary knee extensions until instructed to relax, about 5 s after a force plateau was reached. The stimulation was manually triggered within 2-3 s after the start of each contraction during a force plateau (interpolated twitch, IT). Within 3-6 s following each contraction, a third stimulus was delivered to the muscle at complete rest.
CON contractions testing
Subjects were asked to perform voluntary knee extensions at two constant angular velocities (60
• /s) and various levels of effort (see below). The movement started with the knee held at about 100
• and ended at about 0
• , depending on subject's anatomical constraints. Subjects were asked to maintain the requested effort throughout the entire range of motion. No resistance to the following flexion was opposed by the isokinetic lever.
In order to measure the RT the leg was passively moved by the machine lever through the same range of motion at the same angular velocity (continuous passive motion, CPM).
Through a customized software routine, the instant of stimulation was computed in order to make the moment of the interpolated twitch to peak at exactly 50
• knee angle (IT). Preliminary data evidenced that the peak moment was reached about 100 ms and 50 ms after the doublet was released, during CPM and CON contractions, respectively, as expected by the delay imposed by muscle conduction velocity, excitationcontraction coupling, and tendon stiffness (data not shown). The accuracy of this empirical estimation was verified and adjusted on every single subject.
Data processing and analysis
A signal acquisition system (CED 1401, Cambridge Electronic Designed Limited-Ced, Cambridge, UK) was used to simultaneously record moment, knee angle, and angular velocity from the isokinetic dynamometer. Moment, knee angle, and angular velocity were sampled at 500 Hz. A customized software (Spike 2, version 8, Cambridge Electronic Design Limited-CED, Cambridge, UK), connected to the acquisition system, controlled the electric stimulator in order to elicit the stimulus at the desired knee angle. All data were off-line stored and processed. The average moment applied to the transducer with the lower limb fully extended was used to offset moment data at all angles, by proper computation. Moment signals were off-line filtered (low pass FIR filter, 1.3 Hz).
VA was calculated using the following formula
where IT (Interpolated Twitch) represents the increment in moment evoked during the contraction and RT represents the increment in moment evoked by the same stimulus during relaxation. IT was computed as the difference between the visible moment increment following the delivery of the stimulus and the moment value at the instant of the delivery of the stimulus, during both rest and contraction.
During CON contractions, a bell-shaped momentangle relationship is observed, peaking around 75-80
• knee flexion (0 • = full extension), reflecting changes in muscle length and moment arm, and perhaps unsteady levels of activation. In our sample, as it is known from the literature, the peak moment occurred closer to full extension, the higher the angular velocity (not shown, [13, 29, 30] ). This is not relevant here, given that at the preset angle (50 • ) the VA, not the moment, was of interest. In absence of a constant moment, the background level against which the twitch may emerge was estimated by linear extrapolation of the slope of the moment signal during the 100 ms prior to the delivery of the stimulus, provided the moment was monotonically decreasing. The IT could be calculated as the difference between the peak moment subsequent to the delivery of the stimulus and the extrapolated moment, at the same instant of the twitch peak. In case no sharp twitch-related peaks could be detected, but a transient decrease of the moment negative slope was recorded, the difference between the highest post-twitch and the extrapolated moment level was measured. The same method was used for the computation of the RT. The procedures for estimation of the IT are represented in Fig. 2A-D . In some cases, the background moment (hence, the IT) could not be validly estimated through linear regression, because of high irregularities of the curve and, most frequently, because of a delayed peak, at or beyond the target angle of 50
• flexion. In these cases, tracings were discarded.
Computations, statistics, and graphic representations were performed using MATLAB TM (MathWorks Inc., version 8, Natick, MA, USA), STATA TM (STATA Corp., version 14.0, College Station, TX, USA), and SigmaPlot TM (Systat software Inc., version 14.0, San Jose, CA, USA) software.
Normalization
Moment values for each subject and contraction condition were expressed as a percentage of the maximal moment level estimated by the linear regression of the relationship between VA and moment.
Statistical analyses
A standard linear regression was performed to model the relationship between VA and moment for the three conditions (ISOM, CON60 and CON120 contractions, dummy-coded). In order to test the statistical equivalence of the regression lines, a multiple linear regression was conducted among VA, moment, contraction conditions (dummy-coded), and their interactions. In case of significant models, a Tukey's post-hoc test was run on contrasts between pairs of conditions. The level of significance for all statistical tests was set at p < 0.05.
Results
Twenty-two healthy volunteers (11 women and 11 men), with a mean (standard deviation, SD) age of 25.7 (5.6) yr., a mean (SD) body mass of 64.8 (11.2) kg, and a mean (SD) height of 172.9 (9.3) cm, (Table 1) were enrolled in the study (see Methods).
The relationship between VA and moment during ISOM and CON contractions at 60 and 120
• /s for different levels of effort, performed by 10 subjects for each condition, is shown in 
Discussion
The sample size of the present study is in agreement with previous studies on isometric [7, 12, 31] , and isokinetic testing [17] , based on 6-10 subjects. The validity of the ITT itself as an index of voluntary activation has been challenged on different grounds: criticisms arose from biomechanical considerations (e.g. the bias introduced by muscular fatigue, the risk for coactivation of antagonists, the risk for antidromic collision of the superimposed shock with the descending volitional drive) and from strictly methodological problems (the pros and cons of multiple shocks, and the inconsistencies across twitches evoked by electrical stimulation of the nerve trunk or by magnetic stimulation of the motor cortex). All considered, consensus exists that ITT still retains its overall validity as an index of VA, although the need for skill in execution and experience in interpretation cannot be overemphasized [8, 32] .
Most of the current physiological debate, however, turns on isometric contractions. The scarce previous studies on VA during CON contractions provided con- flicting results. Some authors observed that during maximal CON contractions at both slow (20 • /s) and fast angular velocities (150 and 300
• /s) VA was similar to that recorded during ISOM contractions [9, 16] . On the contrary, others found that VA during 20
• /s maximal CON contractions was lower compared to maximal ISOM contractions [17] . These discrepancies could arise from the different experimental methods. For example, different studies adopted single stimuli or short trains of 2 to 5 stimuli. Trains have been claimed to counteract the underestimation and the variability of twitch force [33] . Indeed, the first stimulus possibly goes partly "wasted" to increase the muscle's fiber pennation angle [29, 31] .
In the present study, the ITT generated by a doublet of electrical stimuli was adapted for application during CON contractions at 60 and 120
• /s. As expected, whatever the contraction condition, the IT peak decreased as moment increased. A linear relationship between VA and moment could be demonstrated for all contraction conditions (Figs 3-5) , thus supporting the validity of the method. The VA-moment relationship for CON120 contractions was found to be significantly different with respect to the other two contraction conditions. The slope and the intercepts of the regression lines suggest that at low moment values VA was mildly underestimated (twitch peak higher than expected) during ISOM contractions and overestimated (twitch lower than expected, the more the higher the angular velocity) during CON contractions. It might be speculated that during ISOM contractions at low levels of effort the stimulus activates a sample of fibers which are not simultaneously activated voluntarily (and thus remain "free" to respond to the shock). During CON contractions at low levels of effort other factors may prevail. In general, the double stimulus may not fully counteract the architectural "slack" caused by the low pennation angle [34, 35] . Also, the complex interplay between contractile and series elastic components may play a role [3, 13, [35] [36] [37] [38] . In short, during CON con-tractions when the stimulus occurs the series elastic elements are still elongating, at a lower rate the lower the effort and the higher the speed (and thus, again, the lower the force). Correspondingly, the stimulus may make the contractile elements to "waste" their force against more compliant elastic elements: the lower the resulting twitch, the higher the estimate of VA.
Research on VA during CON contractions is scarce. One study applied the ITT technique to the investigation of the relationship between VA and peak moment during CON contractions at 20
• /s and 150
• /s, at 75
• knee flexion. This relationship emerged not to be statistically different between ISOM and CON contractions [16] . Other researchers measured the IT peak generated by a single electrical stimulus applied to the femoral nerve at a constant knee angle of 55
• during CON and eccentric contractions at 20
• /s. The slope of the VA-moment relationship for the eccentric condition was significantly lower than those obtained for ISOM and CON contractions, reflecting a lower neural drive and the preferential activation of weaker, highthreshold motor units [17] . The same Authors also studied the relationship between surface EMG activity (a proxy of VA) and VA, at both CON60 and CON120 contractions, during maximal and sub-maximal efforts. An exponential fit was demonstrated, with no velocitydependent differences [39] .
The divergence across these few studies may be ascribed to methodological issues. At least two major technical difficulties may undermine the measurement of VA during CON contractions. First, the exact amplitude of twitches can be difficult to appreciate against a background force that, unlike in ISOM efforts, undergoes complex systematic changes. For instance, the estimation procedure (see Fig. 2 ) of the "basal" expected moment against which the twitch peak increment was computed in the present study was similar, but not equivalent, to that proposed in a previous article [17] . Secondly, the joint angle at which the twitch is peaking, and hence the instant of the stimulus delivery, must be carefully predetermined. Only few previous studies reported the use of a programmed delay in order to make the peak force to occur as synchronously as possible with respect to the desired knee angle [16, 40] . On the contrary, the majority of researches reported the delivery of impulses to occur at a constant knee flexion angle whatever the angular velocity, which implies that the peak of the twitch force does not occur at the same angle [11, 39] .
The rate of force development (RFD) could be also an interesting index of validity of the method. The capacity to modulate not only force but, also, its rate of development, is a fundamental property of neural control. This modulation is already possible at the level of a single motor unit [41] . Unfortunately, little is known on the RFD-activation relationship in our context. In the majority of past studies only maximal efforts were requested [42] . In addition, these were focused on RFD during isometric contractions with a few exceptions focusing on RFD during dynamic movements, in any case with maximal effort, only [43, 44] . An isolated report suggested that RFD is rather constant once 30% or more of the maximal force is required [45] .
The main limitation of the present study lies in the small range of velocities tested. These are presumably suitable for rehabilitation studies but lower than those achieved in some daily activities such as sit-up, and in many sports. Also, the assumption of data homoscedasticity in the linear regression model may not be fully met, given that the normalization of the moment values needed to achieve the subjects' comparability led to a ceiling effect. Moreover, the limited sample adopted, although hopefully sufficient to validate the method itself, is not sufficient to provide robust normative references for future clinical applications.
Conclusions
One of the main goals of the present study was to validate the method in view of future applications in sports and rehabilitation sciences. These are still very scarce, although some examples exist of measurement of VA during CON contractions in peripheral/muscular impairments [14] , (i.e., evaluation of VA after anterior cruciate ligament reconstruction) and neuromuscular fatigue [40, 46] . There is evidence that VA is suboptimal in many sport performances, and that it may decrease in various orthopedic and neurologic conditions, due to inhibition of peripheral origin and/or primitive limitations in the central neural drive. This deficit may be dependent on the velocity of muscle shortening [39] . Therefore future research might specifically aim at the development of training techniques targeting VA, both in sports and rehabilitation sciences. Proposals already exist. Some are of behavioral nature. These include plyometric exercises [47] , motor imagery [48] , and various forms of enhanced feedback capturing the EMG signal [49] . The most promising form of exercise is perhaps the EMG-triggered electrical stimulation of paretic muscles [50] . Other pioneering approaches are neurophysiological: this is the case for various forms of non-invasive electrical or magnetic brain stimulation, aimed at increasing the volitional drive after brain damage [51] . Such developments, in any case, require a reliable previous measurement of VA in both ISOM and CON contractions, and valid outcome measures. The method presented here may thus complement the functional assessment of force production and the validation of novel training and rehabilitation programs.
